Teaching microwave amplifier design at the undergraduate level by Eccleston, K.W.
146 IEEE TRANSACTIONS ON EDUCATION, VOL. 47, NO. 1, FEBRUARY 2004
Teaching Microwave Amplifier Design at the
Undergraduate Level
Kimberley W. Eccleston, Member, IEEE
Abstract—Many textbooks on the subject of microwave ampli-
fier design contain redundant material that may overload and con-
fuse a student confronting microwave amplifiers for the first time.
Some topics such as unilateral gain and unilateral design are often
not necessary in this day of personal computing where exact gain
and gain circle calculations can easily be used. Stability circles can
be used to both identify allowable values of source and load re-
flection coefficients for the transistor and ascertain whether or not
the transistor is unconditionally stable. By eliminating redundant
topics and emphasizing the dual role of stability circles, instructors
are able to effectively teach undergraduate students in a relatively
short time design methods for narrow-band low-noise amplifiers,
both single-stage and multistage, which employ either condition-
ally or unconditionally stable transistors.
Index Terms—Amplifier stability, low-noise amplifiers, mi-
crowave amplifiers, multistage amplifiers.
I. INTRODUCTION
THE amplifier is probably the most prolific of all electroniccircuit building blocks in a microwave/radio-frequency
(RF) system. Therefore, the instructor of a microwave/RF
engineering course justifiably devotes a substantial amount
of time to teaching the design of microwave amplifiers. At
the very minimum, at the undergraduate level, such a course
should equip students with the necessary knowledge and skills
to design narrow-band low-noise amplifiers, both single-stage
and multistage, using either conditionally stable or uncon-
ditionally stable transistors and microstripline technology.
Arguably, the student should learn how to design wide-band
and power amplifiers. However, at an undergraduate level,
these concepts are either unnecessary or beyond the scope of a
course that is expected to cover other topics, such as oscillators
and mixers. Further, wide-band amplifiers find application
primarily in specialized systems, such as electronic warfare
systems, whereas narrow-band amplifiers find application in
a wide variety of personal wireless communication systems.
A course attempting to cover power amplifier design needs to
cover large-signal modeling of microwave power transistors
and harmonic balance analysis of nonlinear microwave circuits;
both would require considerable expenditure of class time to
cover adequately.
When teaching a course, the instructor must select a textbook
that students can reference for more detail and further examples.
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A number of well known and highly regarded textbooks are
available in the area of microwave engineering [1]–[4]. These
books have a broad coverage and include the traditional topics
of microwave engineering, such as electromagnetic waves,
transmission lines, microwave circuit theory, resonators, and
couplers, with some treatment of microwave electronic circuits
such as amplifiers, mixers, and oscillators. In providing a
broad coverage, compromises are necessarily made that are
at the expense of adequate treatment of solid-state microwave
amplifiers. Typically, the chapter on amplifiers occupies only a
small fraction of the textbook. In some cases, the treatment is
focused on simultaneous conjugate matching and the unilateral
case, in which insufficient attention is paid to the use of
conditionally stable transistors. Some texts omit low-noise
amplifier design. A comprehensive text on microwave amplifier
design [5], [6] is therefore highly recommended.
Almost all microwave amplifier textbooks consider design
based on the unilateral approximation. Although unilateral
approximations allow one to perform a design with a minimum
of complex arithmetic, exact results for gain and gain circles,
without the unilateral assumption, can easily be obtained from
personal computers with access to mathematical software
packages.
The well-known K stability factor, along with other condi-
tions [5], [6], can be used to determine whether or not the tran-
sistor is unconditionally stable. Stability circles, however, are
normally used to identify allowable values of source and load
reflection coefficients for the transistor when it is conditionally
stable. However, they can also be used to determine whether or
not the transistor is unconditionally stable.
This paper describes the methods that can be used to teach
undergraduate students—using only 9 h of lectures and 2 h
of tutorials—design of narrow-band low-noise amplifiers,
both single-stage and multistage, using conditionally stable
transistors, as well as unconditionally stable transistors. This
approach has been used at the National University of Singapore
(NUS) in the course EE4104 Microwave Circuits and Devices.
The prerequisite knowledge for this course is transmission
lines. To achieve such a result in a short duration of time, the
author has omitted analysis and design based on the unilateral
approximation and has emphasized the dual role of stability
circles in design. This course has been taught since 1993, both
in its current and predecessor form.
Section II gives an overview of EE4104 at NUS. Section III
discusses in detail the theoretical treatment used to teach
microwave amplifier design in EE4104. Section IV discusses
other practical considerations and issues. Finally, Section V
concludes with a summary.
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II. OVERVIEW OF EE4104 AT THE NUS
Students enrolled in the four-year B.Eng. program in elec-
trical engineering at NUS are exposed to mathematics, physics,
and core electrical engineering courses during their first two
years. In their third and fourth years, they have opportunities to
choose specialized electrical engineering elective courses com-
prised of 26 h of lectures, 6 h of tutorials, and 6 h of labora-
tory. Throughout the program, the student completes a number
of projects of which their final year project is a major effort re-
quiring a commitment of about 15 h per week over an academic
year.
EE4104 Microwave Circuits and Devices is one of the
electives in the microwave/RF area and has the following
major sections (with lecture hours in parentheses): amplifiers
(9 h), oscillators (4 h), planar microwave components (4 h),
p-i-n switches and applications (4 h), and mixers and detectors
(5 h).
EE4104 is assessed by two laboratory experiments (10% of
the final grade), two assignments (20% of the final grade), and a
final closed-book written examination (70% of the final grade).
One of the assignments involves the design and simulation
of a single-stage low-noise amplifier with each student being
assigned a unique center frequency. The simulation using
microwave CAD software, such as Agilent ADS [7] and Ansoft
Serenade SV [8], is used not only to verify the design, but
also to demonstrate the frequency response of the design. The
student has an opportunity to design microstriplines and bias
circuits and observe the effects of microstripline discontinuities
and bias circuits. Exposure of students to advanced CAD tools
is necessary to equip them for the needs of local industry. One
of the laboratory experiments involves the measurement of the
complex scattering parameters of a field-effect transistor (FET)
mounted in a microstrip test fixture, and the other, measurement
of amplifier noise figure. For the first experiment, an economy
vector network analyzer that operates up to 6 GHz is used. For
the second experiment, a solid-state microwave noise-source, a
preamplifier, and a spectrum analyzer (to measure noise power)
are used.
It is apparent in EE4104 that microwave amplifiers is an im-
portant topic from the proportion of lecture hours (about one
third of the course), the assignment, and the laboratory experi-
ments. To this end, the closed-book examination, at the end of
the course, has two questions devoted to microwave amplifiers.
Normally, the class size consists of about 10 students, and at
most, only one student fails EE4104. The low failure rate is at-
tributed to the fact that EE4104 is an elective.
III. APPROACH TO TEACHING MICROWAVE AMPLIFIER DESIGN
This section will describe in detail the treatment of mi-
crowave amplifiers in EE4104. Prospective EE4104 students
are assumed to have knowledge and skills in transmission-line
theory, Smith charts, and transmission-line-matching network
design.
A. Normalized Waves and Scattering Parameters
The student often perceives normalized waves and scattering
parameters as detached from the rest of electrical engineering.
He or she needs to understand that normalized waves are just
other ways, in addition to voltage and current, of looking at
electrical phenomena and are consistent with familiar concepts,
such as power transfer. The treatment, therefore, develops nor-
malized waves from familiar concepts, such as transmission-line
phenomena and power transfer between a generator and load.
To eliminate unnecessary complication, the author presents the
treatment for the special case of a pure-real reference impedance
that is sufficient for almost all applications that the student
is likely to encounter.
Unless the EE4104 students have completed one of the
other elective courses in the microwave/RF area, they will
not have been exposed to two-port parameters. EE4104 is not
designed to give a thorough treatment of two-port parameters
but, rather, to extend the concepts of describing the terminal
behavior of one-port elements to two-port elements. EE4104
students, therefore, see , , and parameters in one shot
by their defining terminal relationships between voltages and
currents (involving and parameters) and waves (involving
parameters). Properties such as symmetry, losslessness, and
reciprocity of two-port networks are not discussed in relation
to microwave amplifiers but are discussed elsewhere in-depth
in other microwave/RF elective modules.
B. Microwave Transistors
In a core electrical engineering course, the students have been
taught the structure and operation of the bipolar junction tran-
sistor (BJT), the FET, and the metal–oxide–semiconductor FET
(MOSFET), with emphasis on silicon devices. The purpose of
EE4104 is to ensure the student has an appreciation of transis-
tors (metal–semiconductor–field-effect transistor, high-electron
mobility transistor, heterojunction bipolar transistor) used in mi-
crowave amplifiers, including basic operation, application, and
biasing, as well as knowledge of commonly used semiconduc-
tors (GaAs, Si, SiGe), and future semiconductors (GaN, InP,
SiC, Diamond) used for microwave transistors. Detailed device
physics and device fabrication is beyond the scope of EE4104.
C. Nomenclature
The discussion of microwave amplifier theory and de-
sign centers round the archetypical, single-stage microwave
amplifier schematic shown in Fig. 1. N1 and N2 are lossless
impedance transformers that respectively transform the external
generator and load to and and are usually frequency
dependent. The transistor (in this case, a FET) is represented
by its two-port parameters: , , , and , where
port 1 is the input (gate), and port 2 is the output (drain). The
transistor parameters are both frequency and bias dependent.
The input generator and load both have impedances equal
to the reference impedance . The amplifier input reflection
coefficient is , and its output reflection coefficient is .
The input and output reflection coefficients of the transistor are
given, respectively, by
(1)
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Fig. 1. Single-stage microwave amplifier schematic with bias circuits omitted.
and
(2)
Equation (1) is a bilinear mapping between the complex and
planes and, similarly, (2) is a bilinear mapping between the
complex and planes. The important observation is that the
load is “felt” in the input circuit via (1) and the source is “felt”
in the output circuit via (2) and is a consequence of the bilat-
eral nature of the transistor (nonzero ). Authors of textbooks
often use other nomenclature, and instructors should emphasize
this point to students. For example, other authors may denote
and as and , respectively.
D. Stability
Equations (1) and (2) are central to stability. It is possible
that or can be greater than unity for certain passive
values of or , respectively. When this possibility occurs,
the circuit is considered unstable because a reflection coefficient
whose magnitude is greater than unity corresponds to a nega-
tive resistance. This situation does not mean that the circuit will
oscillate, since other conditions must be satisfied for such an
occurrence.
A property of the bilinear mapping is that it maps circles into
circles. The load stability circle
(3)
and the source stability circle
(4)
are described on the and complex planes, respectively.
They are used to delineate allowable and forbidden values of
and , respectively. The centers ( and ) and radii ( and
) of the stability circles can be derived from the circle map-
ping properties of (1) and (2) and are dependent solely on the
transistor parameters [5], [6]. The expressions for the center
and radii are readily available in textbooks [5], [6] and are, there-
fore, not reproduced here. The exterior or interior of the stability
circle is identified as the allowable region by considering the
mapping of one convenient value of or —usually zero.
Unconditional stability occurs when all passive values (within
the unit circle) of and are allowable. Conditional stability
is the case when only a fraction of all passive values of or
are allowable. In EE4104, the author emphasizes the dual role
of stability circles to identify the allowable regions and deter-
mine whether or not the transistor is unconditionally stable.
E. Mismatched Generator
To analyze microwave amplifier gain problems, one may
consider power transfer between a generator with Thevenin
impedance and a load . and need not equal
the reference impedance , and, hence, the corresponding
reflection coefficients and are in general nonzero. One
can define a figure of merit—the mismatch factor —being
the proportion of the generator’s available power delivered to
the load. By circuit analysis using wave concepts, one can see
that
(5)
is between 0 and 1 for a passive load with 1 corresponding
to conjugate coupling of load to the generator. may exceed
unity (and could be infinite) for a negative resistance (or nega-
tive conductance) load.
F. Gain and Port Match
For the circuit shown in Fig. 1, one can define four powers: the
power available from the generator , the power delivered to
the input of the transistor , the power available at the output of
the transistor , and the power delivered to the load . From
these, one can define three useful gains, which are the available
gain , given by
(6)
the power gain , given by
(7)
and the transducer gain , given by
(8)
where is equal to . Note that is a function
of , is a function of , and is a function of both
and . Another interesting result is is related to and
by
(9)
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Fig. 2. Input generator and equivalent representation of a noisy two-port network.
The mismatch factor at both ports of a lossless network are
identical. Applying this fact and (5) to the lossless networks N1
and N2
(10)
and
(11)
This result implies that the choice of and dictate the mag-
nitudes of and before N1 and N2 are realized.
G. Noise Figure
From a terminal-property point of view, a noisy two-port elec-
tronic device may be replaced by a noiseless version of the de-
vice, an equivalent noise current source in shunt with the
input, and an equivalent noise voltage source in series with
the input [6], as shown in Fig. 2.
The equivalent noise sources are described by their variance
and correlation coefficient. One can see from Fig. 2 that the
source impedance will effect the coupling of the noise power
from the equivalent noise sources into the input port of the two-
port, and hence, its noise figure. The function that describes the
variation of the noise figure with is
(12)
where is the noise resistance, is the minimum noise
figure, and is the value of where equals . The
noise parameters , , and are frequency and bias
dependent. is not a physical resistance but is a statistical
parameter that happens to have the dimension of impedance and
determines the steepness with which increases with about
. Students often ask why the load does not affect the noise
figure. The answer to this question is that noise figure considers
available powers for both signal and noise.
H. Gain and Noise Figure Circles
For a given transistor at a given bias point and frequency,
the transistor parameters are fixed, and, hence, the design
variables are and . From inspection of (6)–(8) and
(10)–(12), one sees that contours of constant gain, noise figure,
and mismatch are circles on the or planes , as the
case may be. The centers and radii of these circles may be
found in the various textbooks [1]–[6] and can be derived from
the circle-mapping properties of bilinear transforms. Collin [1]
presents an interesting discussion on gain circle properties and
the relation to stability circles. One will normally only find
unilateral gain, available gain, power gain, and noise figure
circles. Circles of constant transducer gain (with either or
held constant) are hard to find in textbooks but may easily
be derived. To ascertain that the available gain or power gain
circles have been correctly plotted for a conditionally stable
transistor, one must to check that the family of circles intersect
the unit circle at the same two points as does the source or
load stability circle, respectively [1].
Students should note that one does not need to plot gain,
noise figure, stability, and mismatch circles on a Smith chart,
though several of the textbooks would have one believe that they
should. Further, the scale of a Smith chart is typically too incon-
venient for plotting load stability circles of a microwave tran-
sistor. (However, the Smith chart is still used in the design of
impedance transformers N1 and N2.)
I. Low-Noise Amplifier Design
In low-noise amplifier (LNA) design, one should both max-
imize the gain and minimize the noise figure. Unfortunately, a
minimum noise figure often yields an unacceptably low gain, or
using simultaneous conjugate matching (for an unconditionally
stable transistor) may yield an unacceptably high noise figure.
Therefore, a compromise between noise figure and gain must be
made. This compromise is aided by noise figure and gain circles.
A flowchart summarizing the design steps is shown in Fig. 3.
Since noise figure and available gain are both depen-
dent on , a suitable value of is first chosen with the aid
of available gain circles, noise figure circles, and the source sta-
bility circle plotted on the plane. The idea is to select a point
on the plane that is allowable, offers high and low ,
and leaves an adequate safety margin with respect to the source
stability circle. The success of tradeoff of for increased
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Fig. 3. Flowchart for LNA design.
is a result of the typically low sensitivity of to compared
with to .
Having chosen , can be calculated. The next step is
to see if conjugate matching can be used at the output (i.e.,
equal to ). This step is aided by the load stability circle
described on the plane. If conjugate matching cannot be
achieved at the output, then constant circles (with equal
to that chosen) must be plotted on the plane, or equiva-
lently, circles of constant output mismatch [1] plotted on the
plane can be used. However, under most circumstances, suffi-
cient margin between and the source stability circle ensures
conjugate matching can be used at the output. Whatever method
is used to select , a sufficient margin must be maintained with
respect to the load stability circle.
J. Impedance Transformer Design
An EE4104 student will be familiar with single-stub
matching taught in a second-year module. In this case, an
arbitrary impedance is transformed to the conjugate of the gen-
erator impedance. In amplifier design, one is concerned with
the general problem of transforming an arbitrary impedance
to another arbitrary impedance, e.g., transforming the external
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50- generator and load impedance to the desired value of
or , respectively. This problem is not a matching one, and
this point has to be reinforced to the students; otherwise, they
may design a stub whose susceptance has the incorrect sign. In
EE4104, the author teaches design methods that locate the stub
away from the ports of the transformer so that the transistor
does not physically interfere with the stub.
K. Two-Stage Design
For two-stage amplifier design, the first step is to select source
and load reflection coefficients for both transistors. The algo-
rithm for single-stage LNA design (Fig. 3) can be used for the
first stage. The complimentary algorithm to that shown in Fig. 3,
where is first selected followed by selection of , can be
used for the second stage.
Designing the stub impedance transformers to realize for
the first stage and for the second stage is straightforward.
On the other hand, the network that couples the two transistors
needs to achieve arbitrary impedance transformations in both di-
rections. However, in general, a lossless coupling network can
only be designed to achieve a desired transformation in one di-
rection, unless the stages are conjugately coupled. Therefore,
for ease of design, conjugate coupling may be used between
each stage; hence, is chosen for the first stage so that con-
jugate matching can be used at its output, and is chosen for
the second stage so that conjugate matching can be used at its
input. Failing conjugate coupling, iteration involving reselection
of and for each transistor, and design of the coupling net-
works, will usually be required to ensure that both stability and
gain concerns are adequately addressed. Moreover, multistage
amplifier design is easiest when unconditionally stable transis-
tors are used for the second stage up to the stage before the last.
Because of the limited teaching time available in EE4104, the
author adopts the approach using conjugate interstage coupling.
IV. DISCUSSION
Section III has described the essential features of the
narrow-band microwave amplifier analysis and design methods
taught by the author in EE4104 at the NUS. The following is a
discussion of a number of issues that are considered.
The design method of Section III primarily focuses on the
center frequency; however, stability must be satisfied at all
frequencies. The design must be checked by circuit simulation
to ensure that input and output reflection coefficients (for
example) have magnitudes less than unity at all frequencies.
The low-frequency regime is an area that needs close attention
where transistors are highly prone to oscillation. Bias circuitry is
particularly problematic, and carelessly designed bias circuitry
is often the cause of amplifier oscillation in practice.
This author briefly discusses how the well-known K stability
factor is derived from the stability circles and shows why, for
certain cases, K greater than unity (and and less than
unity) is insufficient on its own to conclude absolute stability.
These special cases lead to the extra conditions that must be
satisfied [1]–[6]. Another recent advance, well worth noting to
students, is the so-called stability factor [9].
The ability to achieve conjugate match at one port (e.g., the
output of a single-stage LNA) of a conditionally stable transistor
is dependent on the choice of the first termination (e.g., for
the single-stage LNA). If unsuccessful on the first attempt, then
the first termination will have to be moved away from its sta-
bility circle. Edwards et al. [10] have shown that the maximum
available or power gain for which conjugate matching can be ob-
tained at the output or input port, respectively, is K .
This formula is useful, but the student should also observe the
effect of moving the first termination with respect to its stability
circle.
One of the problems associated with designing amplifiers
with conditionally stable transistors, where one of the ports is
conjugately matched and the other is not, is that the unmatched
port is often severely mismatched. One can trade off the match
between the two ports with the aid of a constant mismatch or
voltage standing wave ratio (VSWR) circles [1], [5], [6]. Al-
ternatively, a numerical method [11] can be used to optimize
the port match of a low-noise amplifier. However, because of a
limited amount of teaching time, the author only gives a brief
demonstration of the benefit that can be achieved by trading off
port match.
The students of EE4104 use advanced microwave CAD soft-
ware to simulate their LNA design. For some of them, this ex-
perience will be their first exposure to such tools, and to assist
them getting started, this author has prepared a two-page guide
on circuit entry and small-signal parameter simulation in Ag-
ilent ADS [7]. All students are able to learn quickly the skills
necessary to perform the parameter simulations required for
their assignment.
Many microwave amplifier design calculations involve
straightforward but tedious complex arithmetic. An exam
paper needs to focus on assessing the students’ skills and
knowledge in relation to the course objectives. This focus
cannot be achieved if the examination requires the student
to perform lengthy complex arithmetic. The approach that
the author has used when setting examinations is to provide
precalculated values of centers and radii of stability circles,
and gain and noise figure circles for three or four values of
gain and noise figure. At most, the student may only have to
perform calculation of or . In two-stage amplifier design
questions, the transistor parameters are often chosen so that
and are equal, resulting in identical source and load
stability circles, and available gain and power gain circles,
apart from an angular displacement.
V. CONCLUSION
In this paper, the author has described a method by which to
teach students the design of narrow-band low-noise amplifiers,
both single-stage and multistage, using conditionally stable
transistors, in 9 h of lectures and 2 h of tutorials. To achieve
this goal, the unilateral case is not discussed, and the dual role
of stability circles is emphasized. This approach has been used
successfully by the author for nearly ten years. A design and
simulation assignment is used to reinforce the design methods
and demonstrate the behavior of the amplifier.
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